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Abstract
1. Designing agroecological cropping systems, which have enhanced biodiversity and 
that improve agroecosystem services, is recognized as the most likely method of 
improving the environmental sustainability of agriculture. However, tools and 
methods for designing such systems are lacking.
2. To help to fill this gap, we propose a revised trait- based response/effect framework 
as applied to agroecosystems, which takes into account farmers’ decision rules.
3. The framework consists of a “Biophysical module”, which describes the biophysical 
functioning of the agroecosystem on a response/effect traits basis and a “Decision 
module”, which encompasses the farmer’s choices that follow decision rules, to 
 account for the high degree of human control of filters and community structure 
operating in cultivated systems.
4. The introduction of the Decision module and its interactions with the Biophysical 
module opens new research priorities related to trade- offs between services, to 
species choice and to the relationships between the community composition, func-
tional structure and the functions.
5. Synthesis and applications. We proposed a revised trait- based response/effect 
framework as applied to agroecosystems, which incorporates farmers’ decisions. 
This framework has great potential to address questions related to the strategic 
choices associated with multispecies cropping system design, from plant (species 
choices) to community (optimization of community composition) scales. It also con-
tributes to improving the rationale to manage multifunctional agroecosystems, 
which extend beyond yield alone, by enabling the exploration of trade- offs 
between ecosystem services.
K E Y W O R D S
agroecology, community composition, cropping systems, ecosystem services, farmers’ decisions, 
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practices
1  | INTRODUCTION
There are serious concerns about the environmental sustainability of 
intensive agriculture, which drive a need to turn to more efficient and 
resilient agricultural systems that would provide enough food with 
reduced dependency on artificial inputs (pesticides, fertilizers, fuel) 
(see IAASTD 2009; Koohafkan, Altieri, & Gimenez, 2012; Pretty & 
Bharucha, 2014). Such systems should result from an agroecological 
engineering, aiming at modifying agricultural systems, based on eco-
logical principles (Lescourret et al., 2015). They should rely on high 
levels of biodiversity necessary to ensure proper ecological functions 
and sustain services other than those pertaining to production and to 
[correction note: The layout of this article has 
been changed after original online publication: 
25 September, 2017]
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mitigate dis- services from agriculture1 (Altieri, 1999; Koohafkan et al., 
2012; Malezieux, 2012; Vandermeer, 1989; Zhang et al., 2007). A 
planned biodiversity, the biodiversity associated with the crops and 
livestock purposely included in the agroecosystem by the farmer 
(Altieri, 1999), chosen for species’ known characteristics or properties, 
is thus increasingly introduced into agroecosystems.
In parallel, a decrease in chemical inputs will inevitably lead to an 
increase in spontaneous biodiversity,2 which also has its own func-
tions in the agroecosystem (Figure 1a; Altieri, 1999). This spontaneous 
biodiversity could have detrimental or beneficial effects on the system 
(e.g. competition with the planned species and supply of services com-
plementary to those related to the planned species respectively), de-
pending on species and situations. Designing and managing such 
complex agroecosystems requires well- reasoned choices of planned 
species composition, taking into account biotic interactions, spatial 
arrangement and technical practices that lead to desirable compro-
mises among the services delivered by the plant community, among 
which production remains central (Gaba et al., 2015; Rapidel et al., 
2015). The tools and methods classically used to design cropping sys-
tems, e.g. crop models and factorial experiments, reach their limits in 
the context of such multispecies agroecological systems mainly be-
cause of the difficulties to (1) predict emerging properties of a multi-
species cover from the properties of a monoculture, (2) deal with the 
diversity of species and spatial and temporal arrangements that could 
be used to establish the crop (Malézieux et al., 2009), thus calling for 
new approaches to address these crucial issues for next generation 
agricultural systems.
Trait- based approaches (TBA hereafter), originally developed in 
the field of comparative functional ecology, have a strong potential 
to tackle some of the issues raised above (Damour, Garnier, Navas, 
Dorel, & Risede, 2015; Gaba et al., 2015; Garnier & Navas, 2012; 
Martin & Isaac, 2015; Wood et al., 2015). Traits, which are morpho-
logical, anatomical, physiological or phenological features measur-
able at the individual level (Violle et al., 2007), are used as proxies 
for the functioning of organisms. Trait- based approaches (TBA) make 
it possible to compare and contrast species or cultivars based on 
well- established traits that are critical for plant performance and 
plant functions in the agroecosystem, and in turn, make predictions 
regarding short- and long- term dynamics and functions within and 
among communities comprised of different trait values. Comparisons 
of trait values among species and communities have improved the 
understanding of species distribution world- wide, community assem-
bly rules (which describe species response to the environment and 
determine which species  coexist in a specific habitat) and how or-
ganisms affect ecosystem functioning (Figure 2) (see Garnier, Navas, 
& Grigulis, 2016). This has been encapsulated into the trait- based 
response/effect framework initially proposed by Lavorel and Garnier 
(2002) (Figure 1b), and further developed by Diaz et al. (2007) and 
Suding et al. (2008). This framework postulates that (1) assembly 
processes resulting from the action of biotic and abiotic filters sort 
species according to the values of their response traits, which re-
sults in a specific local community functional structure (defined as 
the distribution of trait values within the community) and (2) in turn, 
this functional structure affects ecosystem processes and services, 
according to plant effect trait values (de Bello et al., 2010; de Chazal, 
Quetier, Lavorel, & Van Doorn, 2008; Diaz et al., 2007; Enquist et al., 
2015; Garnier et al., 2016; Kremen, 2005; Lavorel et al., 2011). In this 
article, we evaluate how this framework could be adapted to agro-
ecosystems, in order to understand how field management, as well 
as biotic and abiotic filters, shape the plant community composed of 
both planned and spontaneous species, and how these affect the ser-
vices delivered.
Although traits have long been used in crop breeding to select 
cultivars according to their production potential or their tolerance 
to abiotic stress (Evans, 1993; Gifford, Thorne, Hitz, & Giaquinta, 
1984; Murphy, 2007), the interest for TBA to manage community 
1Agriculture brings a set of benefits and damage, defined as services and dis- services to and 
from agriculture (Zhang, Ricketts, Kremen, Carney, & Swinton, 2007). In this article, we use 
“services” to refer both to services and dis- services for the sake of conciseness.
2“Spontaneous” species used here are embedded in “associated” species in Altieri (1999). As 
for agronomists, “associated” species could refer to crops grown in association with a main 
crop, we prefer to use the term “spontaneous” to avoid any confusion.
F IGURE  1  (a) Relationships between planned biodiversity and 
“associated” biodiversity (called spontaneous biodiversity in our 
text) and ecosystem functions (Altieri, 1999), (b) and the trait- based 
response/effect framework developed for ecosystems (Lavorel 
& Garnier, 2002). We prefer to use “spontaneous” instead of 
“associated” as this last wording could mean, for agronomists, crops 
that are cultivated in association with a main crop, which is not the 
meaning we intended. Figure from Altieri (1999) reproduced with 
permission from Elsevier
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composition in agroecosystems is rather recent and remains rela-
tively limited (Garnier & Navas, 2012; Wood et al., 2015) (Figure 2). 
For example, a review of the published literature indicates that TBA 
have been widely used in natural ecosystem, and to a lesser extent in 
grassland systems; however, there is over an order of magnitude fewer 
studies employing TBA in agroecosystem (Figure 2), showing that 
these have been used more extensively in natural ecosystems than in 
grasslands, and, in turn, more in grasslands than in crops. The current 
little use of TBA in agricultural contexts is certainly due to the high 
artificiality of agroecosystems, which requires a shift in perspective to 
apply these approaches in such settings. This little use is reflected by 
the absence of a consolidated database of functional traits of planned 
plants (Martin & Isaac, 2015).
In addition, transferring and adapting TBA to agricultural systems 
requires taking into account farmer’s decision- making, which involves 
considering: (1) the farmer’s control over community structure through 
the choice of planned species and their spatial organization, (2) the 
high degree of control of environmental filters via technical practices 
and (3) a shift in the relative importance of services considered, to 
account for the greater share of agricultural production in agroeco-
systems. The aim of this article is to propose a revised trait- based 
 response/effect framework as applied to agroecosystems, which takes 
into account farmer’s decision rules, and help identifying how func-
tional traits might be integrated into decision making. Research priori-
ties in relation to this modified framework are identified. As a first step 
to articulate these different components, this framework applies at 
the field scale and deals with primary producers. Potential extensions 
to other trophic levels (cf. Wood et al., 2015) and larger spatial scales 
(cf. Tscharntke, Klein, Kruess, Steffan- Dewenter, & Thies, 2005) are 
discussed in section 4 below.
F IGURE  2 The use of trait- based approaches (TBA) in three types of systems arrayed according to their level of management. Grasslands 
are defined as either natural or cultivated vegetated lands grazed or with the potential to be grazed (see Allen et al. 2004). Here, we excluded 
fallow fields from “grasslands”, even if they can be temporary grazed, because we consider them as an intrinsic component of rotational 
cropping systems. While grasslands can range from very little managed systems with spontaneous vegetation (close to natural ecosystems) 
to intensely managed systems with cultivated vegetation (sometimes more strongly managed than some agroecosystems), we assume that 
most of them are characterized by an intermediary level of management between natural ecosystems and agroecosystems. The number of 
published references* in which TBA are used decreases with the level of management of the system. The middle part of the figure gives a coarse 
overview of selected scientific themes which have been addressed using TBA in these systems, while the bottom of the figure lists the main 
types of filters acting on the three types of systems (see Figure 3 and text for further details). *Results of a literature survey conducted within 
the Web of Science (WOS) Core collection database on all peer- reviewed articles, book chapters and conference proceedings published between 
January 2000 and mid- April 2017 containing the terms (“functional trait”, “plant trait”, “crop trait”, “trait- based” or “functional type”) and (“plant”, 
“vegetation”, crop” or “cultivar”) in the WOS categories “Biodiversity conservation”, “Ecology”, “Environmental Sciences”, “Environmental Studies”, 
“Forestry”, “Multidisciplinary Science”, “Plant Sciences” or “Water Resources” for ecosystem analysis, and “Agricultural Engineering”, “Agricultural 
Multisdisciplinary”, “Agronomy” or “Horticulture for agrosystems analysis. Grassland analysis was performed on articles containing the terms 
“herbage”, “grassland”, “pasture”, “meadow”, “grasses” in all the WOS categories mentioned above. **among these 334 references, 67 deal with 
weeds
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2  | A TRAIT- BASED FRAMEWORK FOR 
AGROECOSYSTEMS
The revised framework applies to the plant community at the field 
scale, without explicitly considering hedgerows and margins. It ar-
ticulates Altieri’s representation of planned and spontaneous bio-
diversity in managed agroecosystem (Figure 1a; Altieri, 1999) with 
the initial response/effect framework of Lavorel and Garnier (2002) 
(Figure 1b). It consists in a “Biophysical” and a “Decision” modules 
(Figure 3). The Biophysical module which is partially inherited from 
the initial framework (Figure 1b), describes the biophysical function-
ing of the agroecosystem (i.e. the processes that occur in the agro-
ecosystem and involve organisms, e.g. resource acquisition and use, 
organic matter mineralization, plant–pest interactions, among other 
processes, e.g. Le Gal, Merot, Moulin, Navarrete, & Wery, 2010) on 
a response/effect traits basis. This module is further developed to 
account for the fact that spontaneous and planned species (Altieri’s 
representation, Figure 1a) are subject to different types and degrees 
of controls (Figure 3). Planned species are those actually managed 
by farmers who highly control them, while spontaneous species gen-
erally receive less attention. The “Decision module” encompasses 
the farmer’s choices that follow decision rules to account for the 
high degree of control of filters and community structure operat-
ing in cultivated systems (Figure 3). This new module corresponds 
to the “Agroecosystem Management” in Altieri’s representation of 
agroecosystem functioning (Figure 1a). Our revised framework can 
be applied to a large range of systems, from systems with little de-
gree of control such as natural grasslands or spontaneous fallow 
(green box of Figure 3) to intensive cropping systems based on the 
cultivation of one highly controlled crop (orange box of Figure 3), 
through multispecies agroecological systems which mix several 
crops and spontaneous species (both parts of Figure 3). In these dif-
ferent contexts, this framework could be used as a guide to design 
communities that deliver a multitude of desired services.
2.1 | The biophysical module
Planned and spontaneous species may co- occur in a given field, but 
while spontaneous species arrive and persist according to their re-
sponse to local filters (Keddy, 1992) (Figure 3, green box), planned 
species are chosen by farmers, according to their known or assumed 
suitability for providing certain services under certain environmental 
F IGURE  3 The revised trait- based framework proposed for agroecosystems. The revised framework differs from Lavorel and Garnier’s 
proposal (Figure b) by the inclusion of both spontaneous and planned species in the Biophysical module (left part, green and orange boxes 
respectively) and the addition of a Decision module (right part). The biophysical module and the decision module are in interaction. Drivers of 
decisions are represented by double violet arrows to decision rules. Impacts of farmer’s choices on components of the biophysical module are 
represented by bold violet arrows from decision rules. Dark grey boxes represent the basic components of the framework. Light grey boxes 
represent the filters acting on species. Shades of grey reflect that the level of control of filters by technical practices may be sensed differently 
by spontaneous and planned species. Violet hexagons represent farmers’ choices [Colour figure can be viewed at wileyonlinelibrary.com]
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conditions (see “Decision module”) (Figure 3, orange box). The upper/
lower parts of the figure represent respectively the response/effect 
parts of the framework. They are described below.
Filters acting on planned and spontaneous species found in agro-
ecosystems are represented in the upper part of the Biophysical 
module in (Figure 3, light grey boxes). They determine which spe-
cies are sorted from the regional species pool. This regional pool is 
composed of spontaneous and planned species able to grow in the 
regional climatic conditions. For planned species, the availability of 
plant material is considered as a first filter, which depends on socio- 
economic constraints and determines which species or cultivars can 
be planted. The other four filters apply to both types of species and 
determine conditions for plant growth. These filters are related to soil 
type, climate and field history (including the preceding crops and their 
management), local resource availability, local disturbance and biotic 
interactions (either plant–pest, plant–plant or plant–soil organisms) 
(see Garnier et al., 2016). According to the nature of their relation-
ship with the ecosystem, these filters can be classified into two groups 
(Chapin, Matson, & Vitousek, 2011): (1) “state factors”, which affect 
the community without being modified by it (soil type, climate and field 
history), and (2) “interactive controls”, which are in interaction with the 
community and are affected by the state factors (local resource avail-
ability, local disturbance and biotic interactions). In our framework, the 
interactive controls depend both on state factors and on the nature 
and the frequency of the technical practices (e.g. resource availability 
is modified by fertilization and plant–pest interactions are modified by 
BOX 1 Drivers of decision rules in the context of trait- based approaches in agroecosystems
A general description of the drivers is given in italics, while this description in a trait- based context is given in plain text.
Farmer’s decision- making processes are complex and have been extensively studied for the last 30 years (Aubry & Michel- Dounias, 2006; 
Aubry et al., 1998; Cerf & Sébilllote, 1988; Darré, Mathieu & Lasseur, 2007; Duru, Papy, & Soler, 1988; Le Gal et al., 2010; Papy, 2001; 
Robert et al., 2016; Sébilllote & Soler, 1990). In the context of the framework proposed here, we grouped decision- making drivers into five 
groups,  described below. These drivers are not hierarchically presented, as the hierarchy, if any, would depend on each situation and is ex-
pected to be different for strategic and tactical decisions. Such an analysis is out of the scope of this article.
1. Biological drivers
General: the choice of species and cultivars can only be made in a bounded pool of biodiversity (which may evolve under natural or artificial 
selection: e.g. Murphy, 2007).
In a trait-based context: the pool, which is defined at a regional scale, is considered not only through the lens of taxonomy and genetics, but 
also on a functional basis, i.e. taking trait values (mean, range) into account.
2. Environmental drivers
General: climate conditions, soil physical and chemical status and soil topology determine the choice of species (species able to grow or spe-
cies farmers accept to grow in these conditions) and the choice of the technical practices that would optimize plant growth and 
development.
In a trait-based context: the value of species/cultivars response traits to the environmental conditions is considered to (1) choose plants 
adapted to these conditions (strategic decisions), (2) manipulate environmental conditions by technical practices so that the filters acting on 
the plant community correspond to optimum range of values of response traits of species/cultivars to these filters (tactical decisions).
3. Bundles of services and service trade-off drivers
General: Decision rules should be constructed to provide desirable compromises among the services resulting from the community proper-
ties. Trade- off analysis can thus be conducted to determine “service gaps”, i.e. the gaps between the potential and the actual level of the 
service (Rapidel et al., 2015).
In a trait-based context: bundles of services and trade- offs among services are assumed to depend on the functional structure of communities 
(cf Garnier et al., 2016), and specifically on the distribution of effect trait values in these communities (Lavorel & Grigulis, 2012; Le Roux 
et al., 2009; Storkey et al., 2015).
4. Farm-scale drivers
General: farm- scale objectives constrain decision rules at a field scale (e.g. organization of working time, working force and materials, crop 
rotations, financial choices).
In a trait-based context: the functional structure targeted in a specific field (“alpha functional structure”) will depend on and influence the 
functional structure of the communities of the other fields of the farm (the “beta functional structure” of the whole farm), according to the 
objectives and constraints of the whole farm.
5. Socio-economic drivers
These are related to market demand, social and economic references and constraints, whose perception is determined by farmer’s knowl-
edge, resulting from his/her social and educational environment. A further description of these drivers is out of the scope of this article.
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pesticide application), which may affect differently spontaneous and 
planned species (symbolized by shades of grey on Figure 3): for exam-
ple, weeding in any tree- crop system is an intense disturbance for the 
spontaneous community species (namely, weed species), but is less 
directly impactful on the planned community species.
The lower part of the Biophysical module of the framework rep-
resents the effects of the community on agroecosystem processes and 
services (Figure 3, dark grey boxes). The density and spatial arrange-
ment of planned species are mainly chosen by farmers (see “Decision 
module”). The density and spatial distribution of spontaneous species 
are mainly modulated by abiotic filters and interactions with planned 
species. The functional structure of the community, the distribution 
of effect trait values in the community, modulates agroecosystem 
processes and determines the services and disservices delivered (see 
Enquist et al., 2015; Garnier et al., 2016; for a description of the con-
cepts underlying the functional structure—processes relationships). In 
addition, these relationships between the functional structure of the 
community and agroecosystem processes and services are likely to de-
pend on the community density and spatial arrangement (e.g. effects 
on weed and pest control, Weiner, Griepentrog, & Kristensen, 2001; 
Ratnadass, Fernandes, Avelino, & Habib, 2012).
2.2 | Decision module
Complex processes underlie farmer’s decision- making. Decision rules 
result from production and service delivery objectives, biophysical 
constraints, market demand and economic, social and cultural refer-
ences and constraints related to the farmer’s knowledge (Aubry, Papy, 
& Capillon, 1998; Darré, Mathieu & Lasseur 2007; Le Gal et al., 2010; 
Robert, Thomas, & Bergez, 2016; Sébilllote & Soler, 1990). Socio- 
economic drivers of decision- making will not be further detailed in this 
article. In our framework, biophysical constraints are embodied in fil-
ters acting on the plant community (Figure 3, Biophysical module, light 
grey boxes) and production and service delivery objectives are embod-
ied in the services expected from the agrosystem: market production 
(provisioning service), nutrient cycling (supporting service), pest and 
disease control or carbon storage (regulating services), recreational 
value (cultural services) (Figure 3, Biophysical module, lower box).
Decision rules can be conceptually grouped into two categories, 
depending on the time- scale at which they operate: “strategic deci-
sions” operate at a year or several year time- scale, while “tactical deci-
sions” operate at shorter time- scales (season/week/day) (e.g. Cittadini, 
Lubbers, de Ridder, van Keulen, & Claassen, 2008; Le Gal, Dugue, 
Faure, & Novak, 2011; Ripoche et al., 2011; Robert et al., 2016). 
Strategic decisions correspond to farmer’s objectives (e.g. cultivation 
of a cover crop to control weeds and improve the nitrogen availability) 
and encompass species, densities and spatial arrangement choices and 
the type of management to conduct with technical practices (e.g. the 
need to manually control a twining plant). These strategic decisions 
are not independent from one another, and their appropriate combina-
tion actually determines the functional structure and the performance 
of the community. Tactical decisions enable the farmer to reach the 
objectives fixed by the strategic decisions as modulated by shorter 
term environmental or socio- economic conditions. They encompass 
the technical practices that enable the implementation of the strategic 
decisions (e.g. the timing and frequency of plant control according to 
its development). They are thus determined by the choices of species, 
density, spatial arrangement and type of management. They affect the 
filters that apply to the community.
Box 1 details the general drivers of decision rules, and how these 
can be framed in the context of a TBA to agroecosystem management. 
Key strategic decisions include (1) the choice of species and cultivars 
of planned species as a function of their response and effect trait 
values, chosen to deliver targeted services and for their response to 
environmental conditions, and (2) the choice of density and spatial ar-
rangement (e.g. rows, strips, random, etc.), to optimize these services. 
Tactical decisions will then lead the farmer to determine the technical 
practices applied to the planned and spontaneous species (Figure 3, 
violet hexagons), according to its observations and what is known 
about the response traits of species/cultivars to environmental factors 
(which result from the combination of local—unmanaged—factors and 
technical practices). This process, which is described here at the scale 
of a particular field (within community functional structure, i.e. “alpha 
diversity”), also applies to other fields of the farm according to the 
overall farm objectives and constraints. The decision rules are then ex-
panded to the community functional structure among fields, i.e. “beta 
diversity” of the whole farm).
2.3 | Interaction between biophysical and 
decision modules
The interactions between the two basic modules of the framework 
are several fold: (1) decision rules rely on at least three drivers of 
the Biophysical module (double violet arrows on Figure 3): biological 
(choice of species/cultivars within a bounded pool of biodiversity), en-
vironmental (e.g. soil fertility level, rainfall intensity and repartition) and 
targeted services, (2) technical practices affect the filters that apply to 
the community (upper bold violet arrow on Figure 3), (3) and farmer’s 
strategic decisions determine the desirable species/cultivars composi-
tion, density and spatial arrangement of the community as well as the 
type of management (e.g. manual weeding, deep tillage) (lower bold 
violet arrow on Figure 3). The set of decisions leads to the definition 
of a targeted plant community (background plan on Figure 3), but the 
actual community obtained (foreground plan on Figure 3) may differ 
from this targeted community. This might be due to the actual re-
sponse of species to the environment at the time of seeding/planting 
and early growth (e.g. transient soil water deficit, seed predation and 
community disturbance, or pest damages), and to interactions with 
spontaneous species. While planned species composition and spatial 
arrangement (e.g. row vs. mixed intercropping, sensu Malézieux et al., 
2009) of the realized community is likely to be similar to the ones of 
the targeted community, the relative densities of planned species may 
differ substantially between targeted and realized communities. This 
is an inevitable consequence of the lower degree of control farmers 
will be able to exert in multispecies agroecological systems as com-
pared to intensive monocultures.
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3  | SPECIFICITIES OF THE FRAMEWORK 
RELATED TO DECISION RULES
Since the Biophysical module has been extensively used and dis-
cussed in ecological studies, we will discuss here how the introduction 
of a Decision module and its interaction with the Biophysical module 
raise new questions related to the identification of trade- offs between 
services, to the choice of species and to relationships between the 
community functional structure and the functions delivered. We illus-
trate this discussion with the case of a cereal- tree agroforestry system 
where tree species aim at improving the nutrient efficiency as com-
pared to simple systems without trees (Box 2).
3.1 | Choice of species and cultivars as a function of 
plant functional profiles
Plant species or cultivar choices are made according to the five driv-
ers presented in Box 1 and to plant material availability. Species/culti-
var role and predicted adaptation to soil and climate conditions can be 
described by “functional profiles” (sensu Damour, Dorel, Tran Quoc, 
Meynard, & Risede, 2014), constructed from a combination of effect 
traits related to the services expected and response traits to environ-
mental conditions. Functional profiles reflect plant strategies of func-
tioning, which are revealed by trait syndromes (i.e. suites of related 
traits) (Chapin, Autumn, & Pugnaire, 1993), resulting from analyses of 
positive and negative correlations between traits (e.g. in the case of 
agroecosystems: Gagliardi, Martin, Virginio, Rapidel, & Isaac, 2015; 
Tardy, Moreau, Dorel, & Damour, 2015; Tribouillois et al., 2015; 
Damour, Guérin, & Dorel, 2016; Martin et al., 2017; Tardy, Damour, 
Dorel, & Moreau, 2017). Species functional profiles and strategies 
compared to the expectations for the system could help the choice 
of the best plants, for a specific usage (see illustration in Box 2—point 
3). As data from different species and systems accumulate, there is 
a clear need to assemble a collective, open trait database for sub-
sequent use, constructed to minimize uncertainties in defining func-
tional profiles.
3.1.1 | Trait databases for agroecosystems
While large trait databases have been developed for plant species 
world- wide, with a key focus on “wild plant species”—or rather, the 
spontaneous species in our framework—(e.g. Kattge et al., 2011; 
Kleyer et al., 2008), no coordinated large- scale effort has been made 
up now to synthesize and centralize trait data of planned species in 
relation to the specific services targeted in agroecosystems (Martin 
& Isaac, 2015). An appropriate database should include effect traits 
related to such services, and should be constructed at the cultivar 
level and include metadata describing accurately how and where data 
were gathered to account for intraspecific trait variation (see below) 
to minimize uncertainties in traits evaluation. The construction of trait 
databases for planned species should also be accompanied by the 
definition of standardized protocols for trait measurements, inspired 
from the ones developed for ecological studies (Cornelissen et al., 
2003; Perez- Harguindeguy et al., 2013) and adapted to agroecosys-
tem specificities (e.g. spatial and temporal field heterogeneity, traits 
specific to agroecosystems).
3.1.2 | Dealing with intraspecific trait variability
Recent works have emphasized the importance of accounting for 
intraspecific trait variability (ITV) in both spontaneous and planned 
species (e.g. Albert et al., 2012; Gagliardi et al., 2015; Kazakou et al., 
2014; Martin et al., 2017; Violle et al., 2012). Agroecosystems are the 
place of intense and frequent disturbances generated by technical 
practices and are characterized by field- specific management strate-
gies and history resulting in large temporal variations in physicochemi-
cal and biological conditions. These variations are likely to affect plant 
trait values and result in high ITV through both space and time (see 
illustration in Box 2—point 3). This high ITV could impair our ability 
to predict ecosystem services from effect trait measurements con-
ducted at a single point in time during the growing season. Beyond 
the identification of situations in which ITV should be taken into ac-
count (Albert, Grassein, Schurr, Vieilledent, & Violle, 2011; Damour 
et al., 2015; Wood et al., 2015), these studies suggest adapting the 
protocols for trait measurements e.g. to account for interindividual 
variability (Violle et al., 2012), to assess “environmental associations” 
(i.e. the range of environmental conditions where a particular species/
population strives, Garnier et al., 2017), and to use specific methods 
of data analysis to compare intraspecific and interspecific variability 
of traits (variance partitioning and T- statistics, respectively de Bello 
et al., 2011; Violle et al., 2012).
3.2 | Functional structure of the plant community in 
agroecosystems
The set of decision rules followed will lead to the establishment of a 
specific functional structure of the plant community, from which the 
targeted services are expected. These relationships between the com-
munity functional structure and the services delivered by agroecosys-
tems raise questions about the nature of these relationships and on 
the roles of the community density and spatial arrangement.
3.2.1 | Relationships between diversity and 
agroecosystem properties
One of the central tenets of the response/effect framework is the 
assumption that the functional structure of the community influence 
ecosystems properties and the services these deliver. Different met-
rics describing the functional structure of the community have been 
used to evaluate these relationships, corresponding to two comple-
mentary facets. The first is the community- weighted average trait 
value (CWM), which accounts for the dominance (or “mass ratio”) 
hypothesis (trait values of species affect ecosystem processes in pro-
portion to their local biomass) (Grime, 1998). The second is the dis-
tribution of trait values around the mean (i.e. the functional diversity 
sensu stricto: FD), which accounts for the “niche complementarity 
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BOX 2  An example of application of the framework to a multispecies agroecological system (cereal- tree agroforestry sys-
tem) with the aim of choosing the tree species that improve the nutrient efficiency as compared to simple systems without 
trees. A focus is made on the lower part of the framework shown in Figure 3 only, to illustrate the specificities discussed in 
section 3 “Specificities of the framework related to decision rules” [Colour figure can be viewed at wileyonlinelibrary.com]
1. In agroforestry systems, improving the efficiency of nutrients could limit nutrient leaching and improve the soil mineral fertility. It can be provided 
by three main functions: capture of nutrients by the trees in deep soil layers, redistribution of nutrients by plant litter in the zones of the soil other 
than those in which they were absorbed and atmospheric nitrogen fixation. Nutrient capture in deep soils is mainly related to the maximal rooting 
depth of species. Redistribution of nutrients by litter was related to five main effect traits: leaf life span (indicator of the dynamics of litter deposi-
tion), above-ground biomass (indicator of litter biomass), C/N ratio of the litter and leaf dry mass content (indicators of the dynamics of litter decom-
position and mineralization) and nutrient concentration in green leaves (indicator of the litter nutrient concentration) (see Damour et al., 2015 and 
references herein). Nitrogen fixation can be related to the presence of nodules. Whether these functions are more efficient by manipulating 
community-average (e.g. CWM: community weighted means) or niche complementarity among species (affecting functional diversity sensu 
stricto: FD) is currently unknown (see section 3.2 for details). To test for these effects, CWM and FD of the community calculated with the six 
quantitative effect traits mentioned above should be related to indicators of nutrient leaching (e.g. concentration of nutrients collected in lysim-
eters in deep soil layers) and improvement of nutrient fertility (e.g. concentration of nutrients in the zone of soil explored by half of the roots).
2. Strategic decisions are determined by the five drivers presented in Box 1, among which the search for improving the nutrient efficiency. If other services 
are targeted (e.g. weed control), strategic decisions should favour the more desirable compromise among services. Trade-offs between improvement of 
the nutrient efficiency and other services could be suggested by negative correlations between the traits associated to each of these services.
3. Tree species choices are made according to their functional profiles. We assume that evergreen legume trees with deep root system, low 
leaf C/N ratio, high LDMC and high leaf nutrient concentrations maximize deep capture of nutrients, redistribution of nutrients by plant 
litter and atmospheric nitrogen fixation. While little intraspecific trait variability (ITV) is usually observed for LDMC, leaf chemical traits 
(e.g. nutrient concentration and C/N ratio) and root traits (e.g. maximal rooting depth) are recognized to respond strongly to environmen-
tal factors (e.g. nutrient and water availability for leaf chemical traits and soil compaction and moisture for root traits) (Kazakou et al., 
2014; Lynch & Wojciechowski, 2015; Vocanson, Roger-Estrade, Boizard, & Jeuffroy, 2006). These different ITV of traits should deserve 
attention when collecting data (cf. Kazakou et al., 2014) (see text).
4. The choices of tree density and spatial arrangement may affect the relationship between the functional structure of the community and 
nutrient efficiency. Although such relationships have not been established quantitatively, we could expect that a homogeneous reparti-
tion of deep rooted trees will maximize deep capture of nutrient (and nutrient leaching limitation) and provide a homogenous redistribu-
tion of nutrients in the field. Row agroforestry systems (Malézieux et al., 2009) is likely to maximize these functions, while allowing for 
managing the distance between rows so as to provide cereal crop with sufficient light.
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hypothesis” (ecosystem processes depend on the presence of spe-
cies which use resources in a complementary manner) (e.g. Petchey & 
Gaston, 2006) (see illustration in Box 2—point 1). A recent literature 
survey tends to demonstrate that in studies that have tested simul-
taneously both hypothesis, dominance effects have been detected 
more frequently than complementarity effects (reviewed in Garnier 
et al., 2016; Lavorel, 2013). Which facet(s) of community functional 
structure best relate to ecosystem properties remains an open ques-
tion however, not only in agroecosystems but also in more natural 
ecosystems.
3.2.2 | The impacts of community density and spatial 
arrangement
Whether and how the density and the spatial arrangement of plants 
affect the relationships between the functional structure of the com-
munity and agroecosystem processes is a question which has been 
incompletely addressed. While the roles of crop spatial arrangement 
(e.g. Ratnadass et al., 2012) and plant density (from theoretical analy-
sis, Damour et al., 2015) on important agroecosystem processes have 
been shown (see hypothesis in the illustration of Box 2—point 4), 
knowledge, methods and theory to scale- up from the individual plant 
traits to the community level commonly developed for natural ecosys-
tems (Garnier et al., 2004; Lavorel, 2013; Lavorel et al., 2008; Shipley, 
Vile, & Garnier, 2006) have not explicitly incorporated information 
on species- specific density and spatial arrangement (Damour et al., 
2015). Metrics of community functional structure that account for the 
effects of density and plant spatial arrangement have to be designed 
(expressing community functional structure on a soil area basis, inte-
grating plant spatial arrangement, etc.) (Damour et al., 2015). Recent 
attempts for linking spatial patterns of functional diversity to assem-
bly processes in ecosystems using spatial autocorrelation analysis 
have been made (e.g. Biswas, Mallik, Braithwaite, & Wagner, 2016). 
The benefits of such methods for describing patterns of agroecosys-
tem spatial arrangements and how these patterns affect ecosystem 
properties need to be assessed.
3.3 | Multifunctionality of agroecosystems and 
bundles of services
The concept of multifunctionality in agriculture underlines the fact 
that agriculture produces jointly commodity outputs (food, fuel and 
fibre) and non- commodity outputs like climate change mitigation, bio-
diversity and landscape conservation or rural viability (OECD 2001; 
Renting et al., 2009). These outputs are considered as services pro-
vided by agroecosystems (Zhang et al., 2007). Here, a key issue is to 
identify so- called “bundles of services”, which are sets of services that 
appear together repeatedly (Raudsepp- Hearne, Peterson, & Bennett, 
2010). Those that covary positively suggest synergies among ser-
vices, while those that covary negatively suggest trade- offs. While 
synergies between intended services should be actively stimulated, 
“trade- offs” should be analysed and anticipated to favour the most 
desirable ones.
These trade- offs are considered at two stages in our framework: 
(1) during the definition of the farmer’s objectives, which can result 
in a choice favouring one service at the expense of the other (e.g. 
choosing a cover crop that strongly control weeds, while providing 
only little improvement of nitrogen availability), and (2) during the 
actual phase of cultivation, when the functional properties of the 
community may lead to undesired levels of certain sets of functions, 
which may possibly be corrected using relevant technical practices 
(e.g. mowing a vigorous cover crop that efficiently controls weeds but 
is competing with the main crop). As a consequence, the knowledge 
of trade- offs between services is a key lever for agroecosystem de-
sign and management, and enables the optimization of the perfor-
mances of the system. The importance of the analysis of trade- off 
between services in agroecosystem studies has been shown and have 
been proposed as a tool to assess “service gaps”, i.e. the gaps be-
tween the potential and the actual level of the service (inspired from 
the concept of yield gap, see van Ittersum & Cassman, 2013) (Rapidel 
et al., 2015).
Trait- based approaches (TBA) provide a general representation of 
the effects of management on community functional structure. Given 
that a number of ecosystem properties have been shown to relate to 
this structure, TBA can be used to manage multiple ecosystem ser-
vices simultaneously (Wood et al., 2015). More precisely, by relating 
the functional structure of the community to the services delivered, 
the revised trait- based framework we propose enables the exploration 
of their trade- offs on the basis of correlations between service- related 
effect traits (Lavorel & Grigulis, 2012; Le Roux et al., 2009). In turn, 
this allows one to find desirable compromises among services, which is 
one driver of decision rules (Box 1—driver 3) (see illustration in Box 2—
point 2). Trait- based analyses of service trade- offs in agroecosystems 
are few, but pioneer studies demonstrate their feasibility and poten-
tial (e.g. Storkey et al., 2015). Other recent works also suggested that 
functional diversity increases the multifunctionality of agrosystems 
(Finney & Kaye, 2016).
4  | SCOPE OF THE REVISED FRAMEWORK
4.1 | Opportunities for system design and 
management
Trait- based approaches (TBA) open a large field of applications to 
agroecological research, from the plant to the global scale (see Martin 
& Isaac, 2015). The revised framework we propose was designed to 
understand the response of communities to their environment and 
their impacts on ecosystem functioning and the resulting services. 
Such knowledge is essential to the design and management of com-
munities that optimize a set of services and has to be integrated into 
decision- making. Beyond the fact that many traits are key determi-
nants/inputs in most prominent process- based models (e.g. Brisson 
et al., 1998; Jones et al., 2003), we argue that functional traits can be 
used, at least, for three kinds of applications in agroecosystems, ac-
cording to the literature published so far.
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First, several studies have shown the benefits of using functional 
traits for the selection of species and cultivars. For example, response 
traits related to shade tolerance have been used to select suitable 
cover crops in orchards (Mauromicale, Occhipinti, & Mauro, 2010), 
and response traits related to environmental stress such as drought 
have been used to choose cultivars well adapted to low rainfall regions 
(e.g. Annicchiarico, 2007). Knowledge of effect traits affecting agro-
ecosystem services have enabled one to choose cover crops that de-
liver the expected services, used as in the rotation or associated with 
the main crop in different types of cropping systems (Damour et al., 
2014; Finney & Kaye, 2016; Storkey et al., 2015; Tribouillois et al., 
2015; Wilke & Snapp, 2008). Recent modelling approaches based on 
community functional structure / services relationships have provided 
tools to define the functional structure, and thus the species composi-
tion of community, that deliver desirable compromises among services 
(Laughlin, 2014; Storkey et al., 2015).
Second, functional traits give a good insight into the response of 
yield components to management regime and could provide directions 
for management. This can be illustrated with two recent examples: in 
coffee agroforestry systems, Gagliardi et al. (2015) have shown that 
leaf traits related to resource acquisition were negatively correlated 
with light levels determined by shade management and weakly but 
significantly with coffee yield components, while in banana cropping 
systems, Dorel et al. (2016) have shown how traits related to the ba-
nana yield were modified by the pruning regime of suckers, in relation 
to changes in the source- sink ratio.
And third, functional traits can efficiently be used to understand 
weed community dynamics in relation to technical practices and crop 
identity and to provide directions for long- term weed management 
(Fried, Kazakou, & Gaba, 2012; Gunton, Petit, & Gaba, 2011; Trichard, 
Alignier, Chauvel, & Petit, 2013). These knowledge should enable to 
shift from weed management method based on chemical applications 
to less environmentally damaging practices.
4.2 | Beyond plants and single fields
The revised framework presented here is focused at the community 
level, where TBA have mostly been developed and applied to date. In 
agroecosystems, it can thus be employed and used to make predic-
tions at the field scale. However, a plant community is in close interac-
tion with the soil community (micro and macro- fauna of decomposers, 
mineralizers, engineers, pest and parasites) and the aerial community 
(pest and beneficial micro and macro- fauna). The roles of this net-
work of interactions on biological regulations and services delivered 
by agroecosystems are increasingly understood (e.g. Ehrmann & Ritz, 
2014; Tixier et al., 2013). An improved version of our framework 
would need to consider interactions with these other trophic levels, 
as proposed for natural systems by e.g. Lavorel et al. (2013) (see also 
Wood et al., 2015).
The approach taken here at the field scale should be consid-
ered as a first step towards a more general scheme accounting for 
the spatial organization of farms and landscapes in which these are 
embedded, which is needed to understand the processes underlying 
services in agroecosystems (reviewed in Tscharntke et al., 2005). 
First, fields of a same farm are connected because: (1) they are usu-
ally physically close to one another, which implies fluxes of organisms 
(both spontaneous and planned) among the different fields, (2) the 
working force and farm equipment is distributed primarily among 
these fields, and (3) the farmer’s overall objectives are determined 
at the level of the whole farm. A prospect is thus to extend the re-
vised framework to take into account these spatial aspects, which in-
volve the understanding of controls on “beta diversity” (among fields) 
and how to manage the functional complementarity of the different 
fields to optimize the delivery of services at the whole farm scale (see 
Box 1). Second, as some of the services delivered at the field scale are 
supported by trophic groups that can move within the landscape (e.g. 
presence of beneficial insects, disease dispersion, pollination, etc.), 
a comprehensive framework for agroecosystem functioning would 
need to combine a multiscale with a multitrophic approach.
4.3 | Precision vs. generalization
Duarte, Sandjensen, Nielsen, Enriquez, and Agusti (1995) compared 
the scope of application of comparative ecology, the field of ecology 
in which TBA are mostly used, to that of autecology, whose aim is 
the precise understanding of species resource requirements. These 
authors argued that the strength of the comparative approach is its 
capacity for large generalizations, although it may lack in the precision 
required for the description of detailed, small- scale mechanisms. A 
comparable analysis holds in the case of TBA as applied to agronomy. 
While TBA represent a large potential for defining general patterns of 
plant and agroecosystems functioning, they do not provide us with 
a precise mechanistic understanding of this system and its compo-
nents. As a consequence, the revised framework proposed here is 
not designed to drive tactical decisions—decisions that operate at 
small time- scales and correspond to the precise management of the 
system—like dose and timing of fertilization, timing of mowing, sani-
tary deleafing, etc. Its aim is rather to shape strategic decisions, like 
species, density and spatial arrangement choices, which underlie the 
design of the multispecies cropping systems at the basis of the next 
generation agricultural systems (e.g. Damour et al., 2014; Fried et al., 
2012; Storkey et al., 2015).
To conclude, the proposed trait- based response/effect framework 
that includes farmer’s decision- making has considerable potential to 
help solving questions related to the strategic choices associated with 
multispecies cropping system design. Further developments of this 
framework for agroecosystems would involve considering trophic lev-
els other than plants and larger spatial scales, for an improved under-
standing of service delivery in heterogeneous, large- scale agricultural 
landscapes.
ACKNOWLEDGEMENTS
We thank the three anonymous reviewers, Associate Editor of this 
special issue and Aude Ripoche for their helpful suggestions.
22  |    Journal of Applied Ecology DAMOUR et Al.
AUTHORS’ CONTRIBUTIONS
G.D. initiated the project and led the writing with contributions from 
E.G. and M.L.N. at all stages.
DATA ACCESSIBILITY
Data have not been archived because this article does not use data.
ORCID
Gaëlle Damour  http://orcid.org/0000-0001-6080-7306
REFERENCES
Albert, C. H., de Bello, F., Boulangeat, I., Pellet, G., Lavorel, S., & Thuiller, W. 
(2012). On the importance of intraspecific variability for the quantifica-
tion of functional diversity. Oikos, 121, 116–126.
Albert, C. H., Grassein, F., Schurr, F. M., Vieilledent, G., & Violle, C. (2011). 
When and how should intraspecific variability be considered in 
trait- based plant ecology? Perspectives in Plant Ecology Evolution and 
Systematics, 13, 217–225.
Allen, S.C., Jose, S., Nair, P.K.R., Brecke, B.J., Nkedi-Kizza, P., & Ramsey, C.L. 
(2004). Safety-net role of tree roots: evidence from a pecan (Carya illi-
noensis K. Koch)-cotton (Gossypium hirsutum L.) alley cropping system 
in the southern United States. Forest Ecology and Management, 192, 
395–407.
Altieri, M. A. (1999). The ecological role of biodiversity in agroecosystems. 
Agriculture Ecosystems & Environment, 74, 19–31.
Annicchiarico, P. (2007). Lucerne shoot and root traits associated with ad-
aptation to favourable or drought- stress environments and to contrast-
ing soil types. Field Crops Research, 102, 51–59.
Aubry, C., & Michel-Dounias, I. (2006) Systèmes de culture et décisions 
techiques dans l’exploitation agricole. In T. Doré, M. Le Bail, P. Martin, 
B. Ney & J. Roger-Estrade (Eds.), L’agronomie aujourd’hui (pp. 57–75). 
Versailles: Quae Editions.
Aubry, C., Papy, F., & Capillon, A. (1998). Modelling decision- making 
processes for annual crop management. Agricultural Systems, 56, 
45–65.
Biswas, S. R., Mallik, A. U., Braithwaite, N. T., & Wagner, H. H. (2016). A con-
ceptual framework for the spatial analysis of functional trait diversity. 
Oikos, 125, 192–200.
Brisson, N., Mary, B., Ripoche, D., Jeuffroy, M. H., Ruget, F., Nicoullaud, B., 
… Delecolle, R. (1998). STICS: A generic model for the simulation of 
crops and their water and nitrogen balances. I. Theory and parameter-
ization applied to wheat and corn. Agronomie, 18, 311–346.
Cerf, M., & Sébilllote, M. (1988). Le concept de modèle général et la prise 
de décision dans la conduite d’une culture. C.R Academic Agriculture 
France., 74, 71–80.
Chapin, F. S., Autumn, K., & Pugnaire, F. (1993). Evolution of suites of traits 
in response to environmental stress. The American Naturalist, 142, 
S78–S92.
Chapin, F. S., Matson, P. A., & Vitousek, P. M. (2011). Principles of terrestrial 
ecosystem ecology, 2nd edn. New York, NY, USA: Springer.
Cittadini, E. D., Lubbers, M., de Ridder, N., van Keulen, H., & Claassen, 
G. D. H. (2008). Exploring options for farm- level strategic and tacti-
cal decision- making in fruit production systems of South Patagonia, 
Argentina. Agricultural Systems, 98, 189–198.
Cornelissen, J. H. C., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N., Gurvich, 
D. E., … Poorter, H. (2003). A handbook of protocols for standardised 
and easy measurement of plant functional traits worldwide. Australian 
Journal of Botany, 51, 335–380.
Damour, G., Dorel, M., Tran Quoc, H., Meynard, C., & Risede, J. M. (2014). 
A trait- based characterization of cover plants to assess their potential 
to provide a set of ecological services in banana cropping systems. 
European Journal of Agronomy, 52, 218–228.
Damour, G., Garnier, E., Navas, M. L., Dorel, M., & Risede, J. M. (2015). 
Using functional traits to assess the services provided by cover plants: 
A review of potentialities in banana cropping systems. In D. L. Sparks 
(Ed.), Advances in agronomy (pp. 81–133). San Diego, CA, USA: Elsevier 
Academic Press Inc.
Damour, G., Guérin, C., & Dorel, M. (2016). Leaf area development strate-
gies of cover plants used in banana plantations identified from a set of 
plant traits. European Journal of Agronomy, 74, 103–111.
Darré, J. P., Mathieu, A., & Lasseur, J. (2007). The meaning of practices. 
Farmers conceptions and agricultural scientists models. Versailles: 
Editions Quae edn.
de Bello, F., Lavorel, S., Albert, C. H., Thuiller, W., Grigulis, K., Dolezal, J., … 
Leps, J. (2011). Quantifying the relevance of intraspecific trait variability 
for functional diversity. Methods in Ecology and Evolution, 2, 163–174.
de Bello, F., Lavorel, S., Diaz, S., Harrington, R., Cornelissen, J. H. C., 
Bardgett, R. D., … Harrison, P. A. (2010). Towards an assessment of mul-
tiple ecosystem processes and services via functional traits. Biodiversity 
and Conservation, 19, 2873–2893.
de Chazal, J., Quetier, F., Lavorel, S., & Van Doorn, A. (2008). Including 
multiple differing stakeholder values into vulnerability assessments 
of socio- ecological systems. Global Environmental Change- Human and 
Policy Dimensions, 18, 508–520.
Diaz, S., Lavorel, S., de Bello, F., Quetier, F., Grigulis, K., & Robson, M. 
(2007). Incorporating plant functional diversity effects in ecosystem 
service assessments. Proceedings of the National Academy of Sciences of 
the United States of America, 104, 20684–20689.
Dorel, M., Damour, G., Leclerc, N., Lakhia, S., Ricci, S., Vingadassalon, F., 
& Salmon, F. (2016). Parent plant vs sucker – How can competition 
for photoassimilate allocation and light acquisition be managed in new 
banana hybrids? Field Crops Research, 198, 70–79.
Duarte, C. M., Sandjensen, K., Nielsen, S. L., Enriquez, S., & Agusti, S. 
(1995). Comparative functional- plant ecology – Rationale and poten-
tials. Trends in Ecology & Evolution, 10, 418–421.
Duru, M., Papy, F., & Soler, L. G. (1988). Le concept général et l’analyse 
du fonctionnement de l’exploitation agricole. C.R Academic Agriculture 
France, 74, 81–91.
Ehrmann, J., & Ritz, K. (2014). Plant: Soil interactions in temperate multi- 
cropping production systems. Plant and Soil, 376, 1–29.
Enquist, B. J., Norberg, J., Bonser, S. P., Violle, C., Webb, C. O., Henderson, 
A., … Savage, V. M. (2015). Scaling from traits to ecosystems: 
Developing a general trait driver theory via integrating trait- based 
and metabolic scaling theories. Advances in Ecological Research, 52, 
249–318.
Evans, L. T. (1993). Crop evolution, adaptation and yield. Cambridge, UK: 
Cambridge University Press.
Finney, D. M., & Kaye, J. P. (2016). Functional diversity in cover crop poly-
cultures increases multifunctionality of an agricultural system. Journal 
of Applied Ecology, 54, 509–517.
Fried, G., Kazakou, E., & Gaba, S. (2012). Trajectories of weed communities 
explained by traits associated with species’ response to management 
practices. Agriculture Ecosystems & Environment, 158, 147–155.
Gaba, S., Lescourret, F., Boudsocq, S., Enjalbert, J., Hinsinger, P., Journet, E.-
P., … Ozier-Lafontaine, H. (2015). Multiple cropping systems as drivers 
for providing multiple ecosystem services: From concepts to design. 
Agronomy for Sustainable Development, 35, 607–623.
Gagliardi, S., Martin, A. R., Virginio, E. D., Rapidel, B., & Isaac, M. E. (2015). 
Intraspecific leaf economic trait variation partially explains coffee 
performance across agroforestry management regimes. Agriculture 
Ecosystems & Environment, 200, 151–160.
Garnier, E., Cortez, J., Billes, G., Navas, M. L., Roumet, C., Debussche, 
M., … Toussaint, J. P. (2004). Plant functional markers capture 
     |  23Journal of Applied EcologyDAMOUR et Al.
ecosystem properties during secondary succession. Ecology, 85, 
2630–2637.
Garnier, E., & Navas, M. L. (2012). A trait- based approach to comparative 
functional plant ecology: Concepts, methods and applications for agro-
ecology. A review. Agronomy for Sustainable Development, 32, 365–399.
Garnier, E., Navas, M. L., & Grigulis, K. (2016). Plant functional diversity: 
Organism traits, community structure, and ecosystem properties. Oxford, 
NY: Oxford University Press.
Garnier, E., Stahl, U., Laporte, M.A., Kattge, J., Mougenot, I., Kühn, I., … 
Klotz, S. (2017) Towards a thesaurus of plant characteristics: An eco-
logical contribution. Journal of Ecology, 105, 298–309.
Gifford, R. M., Thorne, J. H., Hitz, W. D., & Giaquinta, R. T. (1984). Crop 
productivity and photoassimilate partitioning. Science, 225, 801–808.
Grime, J. P. (1998). Benefits of plant diversity to ecosystems: Immediate, 
filter and founder effects. Journal of Ecology, 86, 902–910.
Gunton, R. M., Petit, S., & Gaba, S. (2011). Functional traits relating arable 
weed communities to crop characteristics. Journal of Vegetation Science, 
22, 541–550.
IAASTD (2009) Agriculture at a Crossroads – International Assessment of 
Agricultural Knowledge, Science and Technology for Development – 
Synthesis report. Washington, DC: Island Press.
Jones, J. W., Hoogenboom, G., Porter, C. H., Boote, K. J., Batchelor, W. D., 
Hunt, L. A., … Ritchie, J. T. (2003). The DSSAT cropping system model. 
European Journal of Agronomy, 18, 235–265.
Kattge, J., Diaz, S., Lavorel, S., Prentice, C., Leadley, P., Bonisch, G., … Wirth, 
C. (2011). TRY – A global database of plant traits. Global Change Biology, 
17, 2905–2935.
Kazakou, E., Violle, C., Roumet, C., Navas, M. L., Vile, D., Kattge, J., 
& Garnier, E. (2014). Are trait- based species rankings consistent 
across data sets and spatial scales? Journal of Vegetation Science, 25, 
235–247.
Keddy, P. A. (1992). Assembly and response rules – 2 Goals for predictive 
community ecology. Journal of Vegetation Science, 3, 157–164.
Kleyer, M., Bekker, R. M., Knevel, I. C., Bakker, J. P., Thompson, K., 
Sonnenschein, M., … Peco, B. (2008). The LEDA Traitbase: A database 
of life- history traits of the Northwest European flora. Journal of Ecology, 
96, 1266–1274.
Koohafkan, P., Altieri, M. A., & Gimenez, E. H. (2012). Green Agriculture: 
Foundations for biodiverse, resilient and productive agricultural sys-
tems. International Journal of Agricultural Sustainability, 10, 61–75.
Kremen, C. (2005). Managing ecosystem services: What do we need to 
know about their ecology? Ecology Letters, 8, 468–479.
Laughlin, D. C. (2014). Applying trait- based models to achieve functional 
targets for theory- driven ecological restoration. Ecology Letters, 17, 
771–784.
Lavorel, S. (2013). Plant functional effects on ecosystem services. Journal 
of Ecology, 101, 4–8.
Lavorel, S., & Garnier, E. (2002). Predicting changes in community compo-
sition and ecosystem functioning from plant traits: Revisiting the Holy 
Grail. Functional Ecology, 16, 545–556.
Lavorel, S., & Grigulis, K. (2012). How fundamental plant functional trait re-
lationships scale- up to trade- offs and synergies in ecosystem services. 
Journal of Ecology, 100, 128–140.
Lavorel, S., Grigulis, K., Lamarque, P., Colace, M. P., Garden, D., Girel, J., … 
Douzet, R. (2011). Using plant functional traits to understand the land-
scape distribution of multiple ecosystem services. Journal of Ecology, 
99, 135–147.
Lavorel, S., Grigulis, K., McIntyre, S., Williams, N. S. G., Garden, D., 
Dorrough, J., … Bonis, A. (2008). Assessing functional diversity in the 
field – Methodology matters!. Functional Ecology, 22, 134–147.
Lavorel, S., Storkey, J., Bardgett, R. D., de Bello, F., Berg, M. P., Le Roux, 
X., … Harrington, R. (2013). A novel framework for linking func-
tional diversity of plants with other trophic levels for the quan-
tification of ecosystem services. Journal of Vegetation Science, 24, 
942–948.
Le Gal, P. Y., Dugue, P., Faure, G., & Novak, S. (2011). How does research 
address the design of innovative agricultural production systems at the 
farm level? A review. Agricultural Systems, 104, 714–728.
Le Gal, P. Y., Merot, A., Moulin, C. H., Navarrete, M., & Wery, J. (2010). 
A modelling framework to support farmers in designing agricultural 
production systems. Environmental Modelling & Software, 25, 258–268.
Le Roux, X., Barbault, R., Baudry, J., Burel, J., Doussan, I., Garnier, E., … 
Trommetter, M. (2009). Agriculture et biodiversité. Valoriser les synergies. 
Versailles: Quae Editions.
Lescourret, F., Dutoit, T., Rey, F., Cote, F., Hamelin, M., & Lichtfouse, 
E. (2015). Agroecological engineering. Agronomy for Sustainable 
Development, 35, 1191–1198.
Lynch, J. P., & Wojciechowski, T. (2015). Opportunities and challenges in 
the subsoil: Pathways to deeper rooted crops. Journal of Experimental 
Botany, 66, 2199–2210.
Malezieux, E. (2012). Designing cropping systems from nature. Agronomy 
for Sustainable Development, 32, 15–29.
Malézieux, E., Crozat, Y., Dupraz, C., Laurans, M., Makowski, D., Ozier-
Lafontaine, H., … Valantin-Morison, M. (2009). Mixing plant species in 
cropping systems: Concepts, tools and models. A review. Agronomy for 
Sustainable Development, 29, 43–62.
Martin, A. R., & Isaac, M. E. (2015). Plant functional traits in agroecosystems: 
A blueprint for research. Journal of Applied Ecology, 52, 1425–1435.
Martin, A. R., Rapidel, B., Roupsard, O., derVan Meersche, K., deMelo 
Virginio Filho, E., M., B., & Isaac, M.E. (2017). Intraspecific trait vari-
ation across multiple scales: The leaf economics spectrum in coffee. 
Functional Ecology, 31, 604–612.
Mauromicale, G., Occhipinti, A., & Mauro, R. P. (2010). Selection of shade- 
adapted subterranean clover species for cover cropping in orchards. 
Agronomy for Sustainable Development, 30, 473–480.
Murphy, D. J. (2007). People, plants and genes – The story of crops and hu-
manity. New York, NY: Oxford University Press.
OECD (2001). Multifunctionality: Towards an analytical framework. Paris: 
OECD.
Papy, F. (2001). Interdépendance des systèmes de culture dans l’ex-
ploitation agricole. In E. Malézieux, G. Trébuil, & M. Jaeger (Eds.), 
Modélisation des agro-écosystèmes et aide à la décision (pp. 51–74). 
Montpellier, France: Cirad.
Perez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., 
Jaureguiberry, P., … Cornelissen, J. H. C. (2013). New handbook for 
standardised measurement of plant functional traits worldwide. 
Australian Journal of Botany, 61, 167–234.
Petchey, O. L., & Gaston, K. J. (2006). Functional diversity: Back to basics 
and looking forward. Ecology Letters, 9, 741–758.
Pretty, J., & Bharucha, Z. P. (2014). Sustainable intensification in agricul-
tural systems. Annals of Botany, 114, 1571–1596.
Rapidel, B., Ripoche, A., Allinne, C., Metay, A., Deheuvels, O., Lamanda, 
N., … Gary, C. (2015). Analysis of ecosystem services trade- offs to 
design agroecosystems with perennial crops. Agronomy for Sustainable 
Development, 35, 1373–1390.
Ratnadass, A., Fernandes, P., Avelino, J., & Habib, R. (2012). Plant species 
diversity for sustainable management of crop pests and diseases in 
agroecosystems: A review. Agronomy for Sustainable Development, 32, 
273–303.
Raudsepp-Hearne, C., Peterson, G. D., & Bennett, E. M. (2010). Ecosystem 
service bundles for analyzing tradeoffs in diverse landscapes. 
Proceedings of the National Academy of Sciences of the United States of 
America, 107, 5242–5247.
Renting, H., Rossing, W. A. H., Groot, J. C. J., Van der Ploeg, J. D., Laurent, 
C., Perraud, D., … Van Ittersum, M. K. (2009). Exploring multifunctional 
agriculture. A review of conceptual approaches and prospects for an in-
tegrative transitional framework. Journal of Environmental Management, 
90, S112–S123.
Ripoche, A., Rellier, J. P., Martin-Clouaire, R., Pare, N., Biarnes, A., & 
Gary, C. (2011). Modelling adaptive management of intercropping 
24  |    Journal of Applied Ecology DAMOUR et Al.
in vineyards to satisfy agronomic and environmental performances 
under Mediterranean climate. Environmental Modelling & Software, 26, 
1467–1480.
Robert, M., Thomas, A., & Bergez, J. E. (2016). Processes of adaptation 
in farm decision- making models. A review. Agronomy for Sustainable 
Development, 36, 36–64.
Sébilllote, M., & Soler, L. G. (1990). Les processus de décision des agri-
culteurs – I. Acquis et questions vives. In J. Brossier, & et al. (Eds.), 
Modélisation systémique et systèmes agraires (pp. 88–102). Paris: INRA.
Shipley, B., Vile, D., & Garnier, E. (2006). From plant traits to plant commu-
nities: A statistical mechanistic approach to biodiversity. Science, 314, 
812–814.
Storkey, J., Doering, T., Baddeley, J., Collins, R., Roderick, S., Jones, H., & 
Watson, C. (2015). Engineering a plant community to deliver multi-
ple ecosystem services. Ecological Applications, 25, 1034–1043.
Suding, K. N., Lavorel, S., Chapin, F. S., Cornelissen, J. H. C., Diaz, S., Garnier, 
E., … Navas, M. L. (2008). Scaling environmental change through the 
community- level: A trait- based response- and- effect framework for 
plants. Global Change Biology, 14, 1125–1140.
Tardy, F., Damour, G., Dorel, M., & Moreau, D. (2017). Trait- based charac-
terisation of soil exploitation strategies of banana, weeds and cover 
plant species. PLoS ONE, 12, e0173066.
Tardy, F., Moreau, D., Dorel, M., & Damour, G. (2015). Trait- based classifi-
cation of cover plants’ light competition strategies for weed control in 
banana cropping systems in the French West Indies. European Journal 
of Agronomy, 71, 10–18.
Tixier, P., Peyrard, N., Aubertot, J. N., Gaba, S., Radoszycki, J., Caron-Lormier, 
G., … Sabbadin, R. (2013). Modelling interaction networks for enhanced 
ecosystem services in agroecosystems. Advances in Ecological Research, 
49, 437–480.
Tribouillois, H., Fort, F., Cruz, P., Charles, R., Flores, O., Garnier, E., & Justes, 
E. (2015). A functional characterisation of a wide range of cover crop 
species: Growth and nitrogen acquisition rates, leaf traits and ecologi-
cal strategies. PLoS ONE, 10, e0122156.
Trichard, A., Alignier, A., Chauvel, B., & Petit, S. (2013). Identification 
of weed community traits response to conservation agriculture. 
Agriculture Ecosystems & Environment, 179, 179–186.
Tscharntke, T., Klein, A. M., Kruess, A., Steffan-Dewenter, I., & Thies, C. 
(2005). Landscape perspectives on agricultural intensification and 
biodiversity – Ecosystem service management. Ecology Letters, 8, 
857–874.
van Ittersum, M. K., & Cassman, K. G. (2013). Yield gap analysis- Rationale, 
methods and applications- Introduction to the Special Issue. Field Crops 
Research, 143, 1–3.
Vandermeer, J. H. (1989). The ecology of intercropping. Cambridge, UK: 
Cambridge University Press.
Violle, C., Enquist, B. J., McGill, B. J., Jiang, L., Albert, C. H., Hulshof, C., … 
Messier, J. (2012). The return of the variance: Intraspecific variability in 
community ecology. Trends in Ecology & Evolution, 27, 244–252.
Violle, C., Navas, M. L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., & Garnier, 
E. (2007). Let the concept of trait be functional!. Oikos, 116, 882–892.
Vocanson, A., Roger-Estrade, J., Boizard, H., & Jeuffroy, M. H. (2006). 
Effects of soil structure on pea (Pisum sativum L.) root development 
according to sowing date and cultivar. Plant and Soil, 281, 121–135.
Weiner, J., Griepentrog, H. W., & Kristensen, L. (2001). Suppression of 
weeds by spring wheat Triticum aestivum increases with crop density 
and spatial uniformity. Journal of Applied Ecology, 38, 784–790.
Wilke, B. J., & Snapp, S. S. (2008). Winter cover crops for local ecosystems: 
Linking plant traits and ecosystem function. Journal of the Science of 
Food and Agriculture, 88, 551–557.
Wood, S. A., Karp, D. S., DeClerck, F., Kremen, C., Naeem, S., & Palm, C. A. 
(2015). Functional traits in agriculture: Agrobiodiversity and ecosystem 
services. Trends in Ecology & Evolution, 30, 531–539.
Zhang, W., Ricketts, T. H., Kremen, C., Carney, K., & Swinton, S. M. 
(2007). Ecosystem services and dis- services to agriculture. Ecological 
Economics, 64, 253–260.
How to cite this article: Damour G, Navas ML, Garnier E. A 
revised trait- based framework for agroecosystems including 
decision rules. J Appl Ecol. 2018;55:12–24.  
https://doi.org/10.1111/1365-2664.12986
